INK4a or p15 INK4b alterations. Only one g-radiation-induced lymphoma showed p16
Introduction
The central role of cyclin/cyclin-dependent-kinase (CDK) complexes and their respective inhibitors in the modulation of cell cycle progression is widely recognized (Hunter and Pines, 1994; GranÄ a and Reddy, 1995) . D-type cyclins (D1, D2, D3) are growth-factorregulated genes whose products associate with CDK4 or 6 which phosphorylate the retinoblastoma protein (pRb). During early G 1 , the hypophosphorylated forms of pRb bind and inactive the E2F (E2F-1, -2, -3, and DP-1) transcription factors. Phosphorylation of pRb by the cyclin-CDK complexes leads to release of the transcription factors E2F in an active form. Active E2F binds to the promoter of genes that encode enzymes essential for S-phase and activates their transcription. Thus, complexes of the D-type cyclins with CDK4 and CDK6 are principal contributors to cell cycle initiation.
Speci®c inhibitors of the cyclin/CDK complexes, the INK4 proteins, therefore act as negative regulators of the mammalian cell cycle (Hunter and Pines, 1994; Sherr and Roberts, 1995) . Four members of the INK4 family have been identi®ed, including p16
INK4a (MTS1, CDK4I, CDKN2; Serrano et al., 1993) , p15
INK4b (MTS2; Hannon and Beach, 1994) , p18
INK4c and p19
INK4d (Guan et al., 1994; Chan et al., 1995) . The cyclin D/CDK complex inhibition prevents the phosphorylation of pRb, which thus remains active and blocks the release of the active transcription factors and the activation of G 1 /S-phase genes. The products of the INK4 genes have been shown to arrest cell cycle progression in the G 1 phase (Serrano et al., 1993; Guan et al., 1994; Hirai et al., 1995) . Lack of the INK4 proteins may therefore produce inactivation of the retinoblastoma protein by the active cyclin/CDK complexes, inducing progression from G 1 to S. Support for this mechanistic model comes from the observation that cancer cells de®cient in p16
INK4a have wild-type retinoblastoma protein and vice versa (Okamoto et al., 1994; Tam et al., 1994) . Recently, Khleif et al. (1996) have reported that increase in the level of free E2F-1, produced by a functional loss of pRb and disruption of the pRb-E2F complex, leads to an inhibition of cyclin D1-dependent kinase activity and induces the expression of p16
INK4a
, resulting in a regulatory feedback control of CDK activity. The molecular complexity of the p16
INK4a gene has recently been increased by the ®nding of alternative reading frames, giving rise to two partially dierent transcripts, p16
and p19 ARF , which are both functionally involved in the inhibition of cell cycle progression (Quelle et al., 1995a ; see review by Larsen, 1996) .
Several studies have proposed a tumor suppressor role for p16
INK4a (Kamb et al., 1994; Serrano et al., 1995 Serrano et al., , 1996 . Human p16
INK4a and p15
INK4b genes are tandemly linked within 30 kilobases (kb) on human chromosome 9p21, a region of common cytogenetic abnormalities in tumor cells (Okamoto et al., 1994; Kamb et al., 1994; Nobori et al., 1994) . Homozygous deletions in the 9p21 region is the most common type of inactivation of p16
INK4a and in 80% of the cases involve both p16
INK4b genes . p16
INK4a point mutations and small deletions are also frequent in some tumors (Pollock et al., 1996) , but intragenic p15
INK4b mutations are highly infrequent.
Rearrangements of the p16
INK4a gene have also been observed and a chromosome translocation in a B-cell type acute lymphoblastic leukemia has been precisely detailed (Duro et al., 1996) .
Recently, a new type of genetic alteration, involving de novo methylation of the p16
INK4a CpG island, has been found in several types of tumors Herman et al., 1995; Gonzalez-Zulueta et al., 1995; Otterson et al., 1995; Herman et al., 1996) . Most of the vertebrate genome is heavily methylated and about 1 ± 2% of the genome consists of islands of nonmethylated DNA. CpG dinucleotides occur at a frequency of only about 1% of all dinucleotides. The non-methylated regions show the expected frequency of CpG dinucleotides (1/ [4] 2 or 6.25%) and are called CpG islands (Gardiner-Garden and Frommer, 1987; Antequera and Bird 1993) . Usually, they are about 1 kb long and are found at the 5' end of genes.
Hypermethylation of the human p16
INK4b
CpG islands has been correlated with the lack of the corresponding transcripts Herman et al., 1996) . The murine counterparts of the human p15 INK4b and p16
INK4a genes were also cloned and sequenced (Quelle et al., 1995b; Jiang et al., 1995) . Both genes map to position C3-C6 on mouse chromosome 4, in a region syntenic with human chromosome 9p. Rearrangements within this relevant region of mouse chromosome 4 have been implicated in the development of dierent types of malignancies, such as skin and lung carcinomas (Herzog et al., 1994; Kemp et al., 1993; Wiseman et al., 1994; Hegi et al., 1994) , but no detailed analysis on the involvement of the p16
INK4a

and p15
INK4b genes in murine primary tumors has been reported yet. Recently, we have found frequent loss of heterozygosity (LOH) in mouse primary thymic lymphomas induced by g irradiation on the chromosome 4 region syntenic to the human 9p21 region (Santos et al., 1996) , where the mouse CDK-inhibitor p16
INK4b genes are located. Since frequent deletions, rearrangements and more rarely mutations in these genes have been described in human haematopoietic malignancies (Hebert et al., 1994; Takeuchi et al., 1995; Otsuki et al., 1995; Stranks et al., 1995; Okuda et al., 1995; Ogawa et al., 1995) , it was necessary to investigate if the INK4 genes were the target of the alterations found in our murine lymphomas.
In this work, we have studied the molecular status of the p16
INK4b genes in a wide range of mouse lymphomas induced by g or neutron radiation, or by the DNA alkylating agent methylnitrosourea (MNU). All these agents are known to be tumorigenic in mouse systems producing monoclonal T-cell lymphomas (Newcomb et al., 1988) , where K-ras and N-ras genes are commonly mutated (Guerrero et al., 1984a ,b: Diamond et al., 1988 Sloan et al., 1990) . In this study, we show that although the homozygous deletions and base substitutions in these INK4 genes are not very frequent, the murine p15
INK4b and, to less extent, p16
INK4a genes are frequently inactivated by methylation and allelic losses in the g-and neutronradiation-induced lymphomas. These data support a tumor suppressor role for the CDK inhibitor p15 contains 168 codons and encodes a protein of a predicted molecular weight of 17,941. Thus, the murine p16
INK4a protein exhibits 72.9% and 65.1% amino acid identity with the human p16
INK4b proteins, respectively, when the central core of the protein (amino acids 1 to 129) is considered. No other dierences with previously reported sequences were found in the coding regions of the murine p16
INK4a exon 2 or in the p15
INK4b exons. Only two MNU-induced tumors (3.8% of the MNU-induced tumors; 1.3% of all tumors) showed mobility shifts of any of the bands in the SSCP analysis. One of the MNU-induced tumors showed a base substitution in the exon 1 of p16
INK4a
. Sequencing analysis showed an A-to-G polymorphism in the third position of murine codon 12 (the one not present in the p16
INK4a sequence by Quelle et al., 1995b) , with no change in the encoded amino acid. The other tumor showed shifts for both bands encompassing exon 1 and exon 2 of p15
INK4b
, respectively. Sequence analysis of p15
INK4b in this sample showed no changes in the exons but a G-to-A base change in the intron at 7 bp from exon 1 (G at position 827 in sequence U66084) and a two C-to-T changes in the intron 38 ± 40 bp upstream the exon 2 (positions 100 and 102 in sequence U66085). We also found a polymorphism in the coding region of the p15
INK4b exon 2 in some normal C57BL/6J 6 DBA mice, involving a C-to-T base change in the third position of codon 83 producing no amino acid change. No alterations were found by SSCP analysis in radiation-tumors from inbred strains.
We have also carried our SSCP analysis to investigate whether point mutations of either the p16
INK4a or the p15
INK4b genes were present in any of 49 g-radiation-induced primary thymic lymphomas in C57BL/6J 6 RF/J F 1 mice. Exons 1 and 2 of p16
INK4a
exhibited the same SSCP band pattern in all the examined tumors with the exception of one sample, which displayed mobility shift of SSCP bands in the exon 1 of this gene ( Figure 2A ). This alteration was determined by DNA sequencing as the above mentioned codon 12 polymorphism. With respect to the p15
INK4b gene, SSCP analysis showed the existence of two dierent patterns of SSCP bands in exons 1 and 2 corresponding to each of the two parental strains (RF/J and C57BL/6J). Thus, these SSCP variants served to detect LOH in these tumors. Forty-one per cent (20 of 49) of the tumors showed LOH at this gene ( Figure 2B and C). Furthermore, a preferential loss of the paternal p15 INK4b allele was observed in 19 of 20 tumors with LOH. A strong correlation (75%; 15 of 20) exists between the samples with LOH on chromosome 4 in the TLSR1 region that we previously reported (Santos et al., 1996) and samples with LOH at the p15
INK4b gene (present study).
CpG islands in the 5' upstream region of the mouse p15
INK4b and p16
INK4a genes
In order to assess the presence of CpG islands in the mouse INK4 genes, we analysed the p15 INK4b and p16
INK4a obtained genomic sequences. The CpG and GpC densities and the G+C contents of the murine p15
INK4b and p16 INK4a sequences are shown in Figure 3 . The exon 1 and sequenced upstream sequences of the mouse p16
INK4a gene have a G+C content of 65%, and the CpG/GpC ratio is 0.86. The corresponding values for p16
INK4a exon 2 are 63% G+C and a CpG/GpC ratio of 0.84 (Figure 3) . For a more exhaustive analysis of the p15
INK4b gene, we sequenced about 1.5 kb including exon 1 and upstream sequences. Most of the CpG dinucleotides are concentrated in a region spanning 800 bp and including exon 1. The G+C content of this region is 65%, and the CpG content and CpG/GpC ratio is 8.7% and 0.74, respectively (Figure 3) . Thus, both murine INK4 genes contain CpG islands in their ®rst exon and 5' upstream sequences based upon previously described criteria (Gardiner-Garden and Frommer, 1987; Antequera and Bird, 1993) . The CpG island upstream of the p15
INK4b gene includes a region with homology to the human p15
INK4b promoter and some DNA binding domains for the transcription factor Sp1, which has been shown to aect the human p15
INK4b transcription through sequences present in the promoter region of 
.
this gene . These Sp1 domains are frequently found in the CpG islands of many genes (Antequera and Bird, 1993; Bird, 1995) .
Mouse p15
INK4b and p16 INK4a CpG islands are hypermethylated in T-cell lymphomas
The sequences for the mouse p16
INK4b genes allowed us to select some methylation-sensitive restriction endonucleases with the CpG dinucleotide in the recognition sequence. Thus, a recognition site for XhoI was found in the 5' upstream sequence of both p16
INK4b exon 1 (Figure 3 ). Genomic DNA from the tumors was totally digested with XhoI, sensitive to methylation, and EcoRI, a methylationinsensitive restriction enzyme, electropheresed through an agarose gel, transferred to membranes and hybridized with the speci®c probes for exon 1 of p16
INK4a . Control digestions of normal thymus DNA with EcoRI alone showed a unique band of about 7 kb while digestion of this control DNA with EcoRI and XhoI showed two bands of 6 and 1 kb. As shown in Figure 4 , an additional band of 7 kb (corresponding to the EcoRI band) is present in some tumor DNAs as the intensity of the other bands decrease, indicating a partial digestion in the XhoI site due to methylation of this sequence. Completeness of restriction enzyme digestion was checked out by hybridization of the same membranes with a p15
INK4b probe. No methylation was found in the MNU-induced tumors. However, 14.7% of the g-radiation-induced tumors and 35.3% of the neutron-radiation-induced tumors showed methylation in p16
INK4a (Table 2 ). The same membranes containing the EcoRI6XhoI-digested DNAs were also hybridized with a probe speci®c for exon 1 of p15
INK4b
. A unique band of 12 kb was found in the EcoRI-digested DNA but two bands of 6.5 kb and 4.5 kb appeared in the DNA from normal tissues digested with both EcoRI and XhoI ( Figure 5 ). Since no EcoRI or XhoI digestion site is present in the probe, and the murine p15
INK4b gene is completely included in a 4.5 kb EcoRI 6 XhoI band (as detected in the cloned genomic DNA, unpublished results), the 6.5 kb band is of unknown origin. A similar band was also found in human DNA when probed with the exon 1 of p15
INK4b . Interestingly, a high number of tumors showed INK4b genes in C57BL/6J 6 RF/J F 1 hybrid mice. The ®rst three lanes on all three panels represent control DNA samples from the paternal strain RF/J (lane 1), the maternal strain C57BL/6J (lane 2) and the F 1 hybrid (lane 3). The remaining six lanes (4-9) represent g-radiation-induced thymic lymphomas of F 1 hybrid mice. Tumor 8 in (A) showed mobility shift in the band pattern (arrow) corresponding to a p16
INK4a codon 12 polymorphism. Tumor samples 4, 5 and 9 in (B) and (C) lost the paternally-inhered p15
INK4b RF/J allele (arrows) INK4b CpG island. The disappearance of the lower band is not complete in some cases, probably due to partial methylation or contamination by normal stromal tissue in these tumors (Newcomb et al., 1988) . Methylation of the INK4 CpG islands was also analysed using the dierence between HpaII and MspI digestion. The results obtained with these enzymes correlated exactly with those obtained with XhoI 6 EcoRI digestions (data not shown). Digestion completeness was checked using dierent probes in the same membranes.
Correlation between p15
INK4a methylation and gene expression
To assess the functional importance of the p15
INK4a methylation, we carried out expression analysis with the RNA extracted from the g-radiation-induced tumors. RT ± PCR ampli®cation of p15
INK4b or p16
INK4a
was performed using the primers and conditions indicated in Table 1 and in the Methodology section. RT±PCR of the mouse b-actin mRNA was used as internal control of the RNA quality and ampli®cation.
As shown in Figures 4 and 5, whereas p15
INK4a cDNA products are present in the normal tissues, most of the tumors with methylation in the p15 INK4b or p16 INK4a CpG islands exhibited a marked decrease in their corresponding mRNA expression. The correlation between the methylation and lack of mRNA expression was 92% (12 out of 13 hypermethylated g-radiation-induced tumors assayed) for p15
INK4b
and the only two g-radiation-induced tumors with p16
INK4a CpG island hypermethylation from C57BL/6J 6 RF/J F 1 mice showed loss of expression (Figure 4) for p16
INK4a suggesting a causal relationship between the CpG island hypermethylation and the decrease in mRNA levels.
Discussion
Homozygous deletions of the p16
INK4a and, to a lesser extent, p15
INK4b genes have been found in a wide range of human tumors, including gliomas, non-small cell lung carcinomas, head and neck tumors, prostate tumors, bladder carcinomas, renal cell carcinomas and acute lymphoblastic leukemias (ALL; see review by Hirama and Koeer, 1995) . About 80% of the p16
INK4a deletions in tumor cells involve p15
INK4b as well . Although a large number of human tumors have been analyzed for p16
INK4a and p15 INK4b alterations, no detailed studies of these genes have been carried out in murine primary tumors. Last year, Linardopoulos et al. (1995) showed homozygous deletion of p16
INK4a and p15 INK4b in Figure 3 Physical map of the murine p16 INK4a and p15
INK4b genes. The CpG and GpC densities are plotted for each exon and adjacent regions. The approximate position of the restriction sites and the probes used in the methylation analysis are shown together with the expected band size. Sequences used in this ®gure were obtained as described in the text and registered in the GenBank database with the next accession numbers: U66084, p15
INK4b exon 1 with upstream promoter region and intronic sequences; U66085, p15
INK4b exon 2 with surrounding sequences; U66086, p16 INK4a exon 1 and upstream sequences; and U66087, p16
INK4a exon 2 and adjacent sequences. The G+C and CpG contents and the CpG/GpC ratios are indicated for each exon and upstream regions p15
INK4b specific inactivation in T-cell lymphomas M Malumbres et al eight of 10 cell lines derived from murine spindle carcinomas of skin. Five of them presented deletion of both genes and three had independent deletions of p16
INK4a or p15
INK4b
, but in those retaining p16
INK4a expression of the protein was not detected. In addition, they mentioned only two cases of primary tumors which exhibited simultaneous deletion in both genes.
A large panel spectrum of mouse induced thymic lymphomas, which includes T-cell tumors produced by ionizing radiation (73 tumors), neutron radiation (27 samples) or the alkylating agent MNU (53 tumors), were analysed to investigate if the cause of the tumors aected the status of these genes. Hybridization of these tumor DNA with p16
INK4b probes and mutations analysis by SSCP and sequencing did not produce signi®cant observations. However, hypermethylation of p16
INK4a was found in some samples (22% of the radiation-induced tumors), and p15
hypermethylation was the most frequent alteration reaching 42% of the g-radiation-induced tumors and 88% of the neutron-radiation-induced tumors (Table  2) . Interestingly, only one tumor in the g-radiation group and no tumor in the neutron-radiation group showed hypermethylation in p16
INK4a without hypermethylation in the p15
INK4b CpG island as well. Most of the tumors with methylation-associated inactivation of 2) and tumor (lanes 3 ± 6) DNAs were digested with EcoRI (lane 1) or EcoRI 6 XhoI (lanes 2 ± 6) and hybridized with a probe speci®c for the murine p16
INK4a exon 1. Two bands (6 and 1 kb) are present in most of the samples digested with EcoRI 6 XhoI because of the internal XhoI site (lanes 2, 3 and 6). Samples 4 and 5 show the presence of the 7 kb EcoRI band indicating methylation of the XhoI site. The analysis of the transcription by RT ± PCR showed loss of transcription of the p16
INK4a gene in the samples with hypermethylation (lanes 4 and 5). The b-actin mRNA was assayed as control in RT ± PCR INK4b exon 1 speci®c probe. The 4.5 band contains the murine p15
INK4b gene (arrow). An extra band (*) corresponds to an unidenti®ed band recognized by the p15
INK4b probe. The presence of the 12 kb EcoRI band (arrow) indicated partial or total methylation at the XhoI site (lanes 4, 6, 7 and 8 
